Introduction
Great advances have been made in macular surgery during the past few years. Achievements include the repairing of macular holes by removing the internal limiting membrane (ILM) [44] and the treatment of diabetic macular edema [10] . Perhaps one of the most important innovations has been the introduction of intraoperative staining for the ILM and epiretinal membranes [11, 12, 24, 36] . By improving the visualization and differentiation of these structures, their staining facilitates surgery, thereby reducing not only trauma, but also the operating time and hence retinal ex-posure to light. Many conflicting observations have been reported concerning the possible cytotoxic effects of these dyes on the retina when locally applied [14] . The burden of evidence from experimental studies weighs in favor of acute and/or chronic toxicity at clinically relevant concentrations, although the functional or clinical relevance of the effects have not been evaluated [4, 6, 17, 37, 38] . Clinicians are nonetheless aware of a possible cytotoxicity, which is reflected in the broad range of concentrations and contact times that have been deemed necessary or optimal for staining and in the attempts that have been made to remove the dyes [30] . Recently, several independent groups have reported that indocyanine green may persist within the retina for several months after its intraoperative application and removal. Hence, this dye might induce or enhance chronic cytotoxicity [35, 39, 43] .
Three dyes have been clinically evaluated for intraoperative staining of the ILM: indocyanine green, infracyanine green, and trypan blue [11, 12, 24, 36] . Indocyanine green contains iodine, which enhances its solubility in water, whereas infracyanine green, which contains no iodine, can be rendered soluble in water by dissolving it in 5% glucose. Trypan blue is a well-known water-soluble vital stain, which has been used in anterior segment surgery for several decades with no noted cytotoxic effects [31] . These three stains are complementary: trypan blue exhibiting a preferential affinity for epiretinal membranes and the two green dyes for the ILM [36] . A direct comparison of the cytotoxicity of these three dyes in the preclinical or clinical setting has not been undertaken. In the present in vitro study, we therefore compared the acute and chronic toxic effects of these three stains on cultured human retinal pigmented epithelial cells using clinically relevant concentrations and an identical experimental setup for each agent.
Materials and methods

Cell culturing
Human retinal pigmented epithelial (RPE) cells were harvested from several donors and propagated under standard culturing conditions. Cells derived from passages 3-5 were used for all proliferation and metabolism assays in order to avoid the functional modification that occurs at later stages of culturing. The cells were cultured in Dulbecco's modified Eagle medium (MEM) containing 10% fetal bovine serum (Gibco; Invitrogen Life Technologies, Basel, Switzerland), L-glutamine (2 mM), penicillin (10,000 U/ml), streptomycin (10,000 μg/ml), and amphotericin B (2 μg/ml) in a humidified atmosphere (5% carbon dioxide) at 36°C. The medium was exchanged twice a week.
Dye preparation
Indocyanine green (Pulsion, Muenchen, Germany) and infracyanine green (SERB, Paris, France) were prepared by dissolving 25 mg of the sterile powder in 1 ml of sterile distilled water and in 2.5 ml of 5% aqueous glucose, respectively. The dye solutions were mixed until fully dissolved, and then further diluted with serum-free and phenol-red-free MEM (Hospital Pharmacy, Inselspital Bern, Switzerland) at pH 7.4 to yield final concentrations of 0.05 mg/ml (0.005%), 0.5 mg/ml (0.05%), and 5 mg/ml (0.5%). Trypan blue (Fluka, Buchs, Switzerland) was first dissolved in 0.9% aqueous sodium chloride and then in serum-free and phenol-red-free MEM to yield final concentrations of 0.5 mg/ml (0.05%), 1 mg/ml (0.1%), and 5 mg/ml (0.5%). Two commercially available trypan blue preparations (DORC, Zuidland, The Netherlands), which are sold exclusively for intraocular use, were also tested. These preparations contain trypan blue at concentrations of 0.6 mg/ml ([0.06%] VisionBlue) and 1.5 mg/ml ([0.15%] MembraneBlue). The osmolarity of each preparation was measured using an automatic semimicro osmometer (Knauer, Berlin, Germany) and is shown in Table 1 .
Experimental set-up Cells were seeded onto 24-well Costar culture plates at a numerical density of 3,000 cells/well for acute toxicity tests and at 1,500 cells/well for chronic toxicity tests. They were grown overnight to subconfluency before introducing the dye to be tested. Cell monolayers were exposed to each dye for either 5 min (acute exposure) or 6 days (chronic exposure). One milliliter of diluted dye solution was added per well. The cultures were maintained in the dark during their exposure to the tested dye. Each experimental condition was run four times. Cell viability was determined using standardized tests that have been developed in our laboratory (see below). The mitotic rate, confluence and regularity of the cell cultures were also assessed. Individual cells were microscopically evaluated with respect to their morphology, shape, adherence, nuclear density, and nucleus/cytoplasm relationship. Controls were included in parallel in all experiments on each plate to serve as the 100% baseline.
Acute cytotoxicity tests
Acute cytotoxicity was assessed according to a customized propidium iodide assay [41] . Propidium iodide (Sigma, Buchs, Switzerland) enters nonviable cells and binds irre- No acute cytotoxicity was observed using any of the tested concentrations of trypan blue. Indocyanine green and infracyanine green (data for the latter not presented) were cytotoxic (p<0.05) at the highest concentration tested (5 mg/ml) after 2 h of monitoring.
b Inverted-phase micrographs of human RPE cells at the end of the 3-h monitoring period after exposure to culture medium (left micrograph), 0.5 mg/ml (center micrograph), and 5 mg/ml (right micrograph) indocyanine green. A dose-dependent increase in nuclear fluorescence resembling acute cytotoxicity is evident but significant only for a concentration of 5 mg/ml (magnification ×250).
versibly to their nucleus, whereupon it acts as a fluorescent dye. The amount of bound propidium iodide can then be quantified fluorometrically in a Cytofluor (Millipore, Bedford, MA, USA), using an excitation/emission wavelength coupling of 530 nm/645 nm. For the testing of acute toxicity, cell monolayers were incubated with 1 ml of serum-free and phenol-red-free MEM containing propidium iodide (10 μg/ml) and the dye to be tested at the desired concentration. The medium was changed after 5 min and thereafter lacked the dye. Fluorescence measurements were made at 15-min intervals during the 1st hour and every 30 min during the following 2 h. Only those measurements that were made after the removal of the dye were utilized for the evaluation, in order to rule out the possible influence of autofluorescence. A cytotoxic effect was deemed to have been incurred if fluorescence increased more than 15% above the baseline level in the control group. Fluorescence micrographs of the nuclei were recorded at the end of the 3-h monitoring period in an inverted-phase microscope (Leica, Bern, Switzerland) using a high-resolution camera (CF 15 MCC; Kappa, Gleichen, Germany). The time-dependence of acute cytotoxicity was assessed every 15 min (after removal of the dye) during the 3-h monitoring period using the nonparametric MannWhitney test (SPSS for Windows, version 11.5; SPSS, Chicago, IL, USA). The level of significance for an acute cytotoxic effect was set at p<0.05.
Chronic cytotoxicity tests
Chronic cytotoxicity was assessed after a 6-day period of exposure to the tested dye by monitoring cell calcein esterase activity and by determining changes in the morphology and numerical density of the cells. After 5 days of cell culturing in the presence of the tested dye, without a change of medium, the medium (still containing the same concentration of the tested dye) was replaced. Chronic cytotoxic effects were assessed 1 day later.
Calcein-AM (Molecular Probes Europe, Leiden, The Netherlands) is a virtually nonfluorescent, cell-permeable, fluorogenic esterase substrate, which is converted intracellularly to free calcein by a cytoplasmic esterase. Calcein is a membrane-impermeable green fluorescent dye, which is retained only by living cells. It can be quantified by measuring the fluorescence emitted at 485 nm in a Cytofluor. Cell monolayers were washed in phosphate-buffered saline and then incubated with 200 μl of serum-free and phenolred-free MEM containing 1.5 μM calcein-AM for 30 min. They were then rinsed and covered with 500 μl of MEM (without phenol red or serum) for the measurement of fluorescence resulting from calcein uptake and activation.
After performance of the calcein-AM assay, the monolayers were trypsinized and the cells harvested. The numerical density of cells was determined using a cell counter (Sysmex Europe, Norderstedt, Germany), which was calibrated for this application.
Cell morphology was assessed in a phase-contrast microscope (Leitz Fluovert FU; Leica, Bern, Switzerland) at a final magnification of ×200. Signs of pleomorphism, prominent nuclei, a shrunken cytosol, and disruption of the intercellular junctional complexes were sought.
Fluorescence measurements and cell counts for each experimental condition were statistically compared with the controls using the paired-sample t-test (SPSS for Windows, version 11.5; SPSS, Chicago, IL, USA). Since the results of the chronic cytotoxicity tests are likely to have a greater clinical relevance than those of the acute ones, the level of significance for an effect was set at p<0.01.
Results
Acute cytotoxicity
After an exposure time of 5 min, no toxic effects were observed within human RPE cells for either indocyanine green (up to 0.5 mg/ml), infracyanine green (up to 0.5 mg/ml), or Table 2 Acute cytotoxicity: Mann-Whitney test comparison (p values) of absolute fluorescence measurements. Cultured human RPE cells were exposed to each of the tested dyes for a 5-min period. After rinsing, their viability was monitored during the ensuing 3 h. Acute cytotoxicity was assessed fluorometrically according to the propidium iodide assay. Only p values (nonparametric Mann-Whitney test) relating to the two higher concentrations of the dyes tested are presented in this Table. Since data pertaining to indocyanine and infracyanine green were similar, the p values for the former dye alone (ICG) are displayed. No acute cytotoxicity was observed using any of the tested concentrations of trypan blue (TB) during the 3-h monitoring period. Indocyanine and infracyanine green were cytotoxic (p<0.05) at the highest concentration tested (5 mg/ml) after 2 h of monitoring trypan blue (up to 5 mg/ml) up to 3 h later. At 5 mg/ml, both indocyanine green and infracyanine green induced an acute cytotoxic effect after 2 h according to the propidium iodide uptake assay (p=0.02; Fig. 1a, b ; Table 2 ), although no morphological changes were apparent (data not shown).
Chronic cytotoxicity
Indocyanine green toxicity was morphologically evident after 6 days of continuous exposure to the dye at concentrations above 0.5 mg/ml. The RPE cells had phagocytosed the dye and exhibited mild cytopathic changes. Similarly at concentrations above 0.5 mg/ml, cell proliferation was inhibited and calcein metabolism suppressed (Fig. 2a, b) . Chronic cytotoxic effects of infracyanine green were likewise apparent at concentrations above 0.5 mg/ml, with cell proliferation and metabolism decreasing rapidly. At 0.05 mg/ml, cell proliferation, but not calcein metabolism, was inhibited (Figs. 2a, b, and 3) . The dye was phagocytosed by the RPE cells, which exhibited mild cytopathic changes already at the lowest concentration (0.05 mg/ml).
Chronic cytotoxic effects of trypan blue were observed at all of the tested concentrations as well as with the two commercial preparations (MembraneBlue and VisionBlue) (Fig. 4a, b) . Cytoplasmic esterase activity was barely perceptible, indicating that most of the cells were dead. This finding was consistent with the observed morphological changes.
Discussion
A safe and effective means of rendering the ILM and epiretinal membranes more visible would greatly facilitate their surgical removal. The use of the dyes indocyanine green, infracyanine green, and trypan blue has been advocated for this purpose [11, 12, 24, 36] . However, when retinal breaks are present, as is the case in macular hole surgery, each of these dyes can potentially diffuse into the subretinal space [20] and have cytotoxic effects on the RPE. To simulate this clinical situation in vitro, we grew cultured human RPE monolayers to subconfluency and then exposed them to each of the dyes at clinically relevant concentrations for either 5 min or 6 days. This experimental setup permitted us to directly compare the acute and chronic toxicities of these three drugs.
During posterior segment surgery, the dye is applied only for a few seconds or minutes before being removed by lavage of the vitreous cavity [11, 12, 28, 36] . Hence, in contrast to earlier in vitro studies, in which the dye was applied for 20 min [34] , we wished to establish a situation that more closely resembled the clinical one. To evaluate acute cytotoxicity, we exposed the RPE cells to each of the dyes for 5 min, and then, after changing the medium, monitored them for the ensuing 3 h. The change of medium was necessary in order to avoid the spurious effects of dye autofluorescence [37] .
It is well known in the case of indocyanine green that, despite thorough rinsing after application, significant amounts of the dye are retained by the eye for several weeks or even months after surgery [1, 2, 20, 35, 39, 43] . The tissue concentration in the early postoperative period is unknown. We assumed that 1% of the clinically used concentration could meet the clinical conditions for the first week. Until now, this has not been assessed in chronic toxicity assays. Hence, we also evaluated chronic cytotoxicity by exposing the RPE cells to each drug for 6 days in a low subclinical concentration (0.05 mg/ml [0.005%]). In animals, a comparably low dose was shown to evoke significant functional damage of the retina after 10 days and 2 months of exposure [6] .
The discussion about phototoxicity of ICG is controversial, but there exists no evidence for such in trypan blue [9, 23] . A few articles have described ICG phototoxicity in different experimental setups [13, 25] . Meanwhile, more recent articles have demonstrated that addition of light for up to 72 h to the cultures did not significantly alter cell viability with either dye, except in combination with very low osmolarity at levels never found clinically (185 mOsm) [9, 23] . Nevertheless, the effects of interaction of residual dye and transmitted natural light focused on the fovea for months is as yet unknown. In our experiments, human RPE cells were thus kept in the dark to allow comparison of drug toxicities independent of phototoxicity. Furthermore, all solutions used presented comparable, nontoxic osmolarities [21, 23] (Table 1) .
Our study is the first to describe a chronic cytotoxic effect of trypan blue on cultured human RPE cells. On the basis of the acute results alone, this dye would appear to be fairly safe for intraoperative use in retinal surgery. This latter finding accords with the results of an earlier study which likewise indicated that short-term exposure to trypan blue elicited no toxic effects on cultured RPE cells [37] . Although trypan blue is water-soluble and should, in theory, be readily removed by rinsing, its spontaneous clearance from the vitreous cavity of rabbits is surprisingly slow, i.e., longer than 4 weeks [40] . This revelation prompted an investigation of the dye's chronic toxicity. Using a rabbit model, Veckeneer et al. [40] demonstrated that at a concentration as low as 0.2%, trypan blue exerted toxic effects at the neuroretinal level after a contact time of 1 month. More than 30 years ago, Vlckova et al. [42] postulated that the two main color components of trypan blue, monoazo and bisazo, might be responsible for its toxicity, although they were unable to rule out the possibility that impurities present in the commercial products might be responsible for the observed effects.
Three clinical studies have assessed the effects of trypan blue in vitreoretinal surgery [8, 19, 29] . However, the investigators observed no negative effects or adverse reactions on retinal function after a mean follow-up time of 4 months and a maximum of 6 months. On the other hand, Kwok et al. [26] , using indocyanine green, have reported the presence of glial and/or neural components on the retinal side of the ILM. These findings are in accord with those of a recent electron microscopic study of an ILM which had been exposed to indocyanine green. In this study, Gandorfer et al. [11] described significant morphological damage within the retina, which had no apparent functional consequences. This absence of functional consequences in association with morphological damage to the retina has been reported also by other investigators [27, 28] . However, in other studies performed by Gandorfer's group [15] [16] [17] , a functional worsening was observed after the use of indocyanine green in macular hole surgery, although this effect was partially attributable to retinal damage caused by a dyeinduced alteration in the cleavage plane to the inner retinal layers [11] . On the other hand, Eckardt et al. [5] observed clear signs of necrosis in the processes of Müller cells which were lodged in an ILM that had been removed without staining during macular hole surgery. And Da Mata et al. [3] observed no cellular elements upon the retinal surface of an ILM stained with indocyanine green.
In contrast to those regarding indocyanine green, very few studies have addressed the cytotoxic effects of infracyanine green. But our results indicate that these two dyes behave similarly. One recent ex vivo study has likewise reported the existence of no histopathological differences between these two stains [18] .
Our findings indicate that indocyanine and infracyanine green should be used at a concentration of, or below, 0.5 mg/ml in dye-assisted surgery, since at this level they had no acute cytotoxic effects (up to 3 h after their removal) on cultured human RPE cells. However, chronic exposure to these dyes (6 days) reduced RPE cell viability, as was revealed using several parameters. A similar conclusion has been reached respecting the acute and chronic cytotoxic effects of indocyanine green on retinal ganglion cells in a recent in vitro study [22] . Also in accordance with our results, morphological and functional damage of the retina by intravitreous indocyanine green was demonstrated in rat eyes. After exposure times of 10 and 60 days, the retinal structure was affected with a concentration of 2.5 mg/ml or more, whereas intravitreal indocyanine even at a low dose of 0.025 mg/ml induced electroretinographically evident damage [6] .
It is important to minimize the time of retinal exposure to these dyes and thereby reduce tissue loading [33] , since indocyanine and infracyanine green can persist within the eye for several months after their intraoperative application and removal [35, 39, 43] . Furthermore, the present study has demonstrated that these dyes can be phagocytosed by human RPE cells, and therein induce chronic cytotoxicity. In a recent case report, indocyanine green was shown to persist for more than 6 months in the subretinal space, and its presence was associated with atrophy of the surrounding RPE [20] . Unusual atrophic changes in the RPE have also been observed at the site of macular holes that have been treated by indocyanine-green-assisted peeling of the ILM [7] . Nevertheless, similar observations have also been reported before the advent of ICG-assisted macular surgery with ICG [32] . This effect on retinal cells could be aggravated by a potential indocyanine-green-enhanced phototoxicity during, and possibly also after, surgery [25] .
In conclusion, tissue exposure to each of the three dyes (indocyanine green, infracyanine green, and trypan blue) used in posterior segment surgery should be for as short a time as is commensurate with the needs of the clinical situation. Even after an exposure period of only a few minutes, residual amounts of stain can be retained by retinal tissue after lavage of the vitreous cavity and be taken up by RPE cells to induce chronic cytotoxicity. Trypan blue, being the most water-soluble of the three dyes, is probably retained to the least degree, which is fortunate, since chronic exposure of human RPE cells to this stain induces cytotoxic effects at all clinically relevant concentrations.
